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ABSTRAOT 

The various types of seal locations in a pas turbine enpiine are lescribed, 
and the sitjnificance of wear to each type is reviewed. Starting with positive 
contact shaft seals, existing material selection guidelines are reviewed, and 
the existing PV (contact pressure X sliding velocity) criteria for selecting 
seal materials are discussed along with the theoretical background for tliese 
criteria. Examples of wear mechanisms observed to oi^erate in positive contact 
seals are shown. Design features that can extend the oi^erating capabilities 
of positive contact seals, including pressure balancing and incorporation of 
hydrodynamic lift are briefly discussed. It is concluded tliat, despite the 
benefits arising from these design featiu’es, improved positive contact seal 
materials from the standpoint of wear, erosion and oxidation resistance will 
be necessary for further improvements in seal performance and durability, and 
to meet stringent lYitiu'e challenges. Materials used in noncontacting gas path 
seal applications are described, and a review of wear studies j^rforiried on 
these materials is presented. Kactors that promote drastic changes in the 
structure and wear behavior of highly porous gas path seal materials are dis- 
cussed. For low porosity metallic gas path seal materials a correlation be- 
tween wear characteristics and a factor that includes material strength, duc- 
tility, specific heat and hot-working temi)erature is proposed. 


INTRODUUTIOh 

In a modern aircraft gas turbine engine there is a multitude of seal lo- 
cations as shown in Fig. 1, all of which are significant with respect to tiie 
performance and reliability of the engine. The types of seal locations may be 
classified into 2 broad categories. 

First there arc the mainshaft seals. The primary function of tliese seals 
is to protect the bearing compartments from tlie potentially damaging engine 
enviro!iment outside the compartment. Generally positive contact seal designs 



are Uf^eJ In the mainshal’t ;;eal looRtioru., thoUf’Ji oorietlines nonoontuctln^ lal - 
yriatii cettin may be emiioyod. 

The oeoond tyi« ol* seal location inciuJos the nominally noncontact tn^i 
I’as path eealr;. Amon^* the t'aa path seals are ttus numerous labyrinth seals 
.le;^U*nc(i to reduce loss of hl»:;li pressui'c c.ao from Uie ein’l/ie cycle, control 
coolintt air flow throutli Uxe hot section of the en^’lne, and to maintain pres- 
sure balance on the rotor shaft system. Also included amon*: the gas path seal 
porlMons ai’e the important outer ftas piath seal locations ovci compressor and 
turbine blade tips. The outer cao path seals are intended to maintain close 
op>eratliv clearance between tlje rotatintt blade tips a:id the stationary seal 
components, tliei*eby heiplnt’ to maintain engine efficiency. 

Wear of the materials comprising the various typx;a of seals is a very 
Imp-'ort'int consideration. Besluea directly affecting seal component life, wear 
and associated loss of seal performance in mainshaft seals can lead to accel- 
erated beorlnt failure. Also, loss of oil throutdi excessive seal leakage con 
cause fouling of the prljmry engine components, promoting stall and presenting 
severe safety hacardc. A stvuly performed on several sr all military engine;: 
showed that a leadln(- cause of eoi’iy engine removal was oil leakage through 
mainshaft seals (1), attributable In p'art to wear of the seal elements. 

Though they are not Intemled to rub during operation, engine structural 
distortions, themial response effects, and ilynamic loads inevitably lead to 
transient rub Interactions between gas path seal components. If all of tiie 
wear incurred during such rub Interactions were restricted to tlie stationary 
gas path seal material, an overall benefit In terms of reduced oi'<eratlng 
clearance may be realized, as Illustrated In Fig. 2. The efficiency benefits 
of operating with optimum gas path seal clearances throughout the engine are 
siu.jTiarlzcd In (i’). Briefly, (2) Indicates that a 2\ piercent irapirover«ent In 
TSFC (Thrust Specific Fuel Consumption) con be realized witli a nominal reduc- 
tion in gas path seoti opierating clearances. In addition, wear to tlie tips of 
high jircseure tui’blne blades coji initiate sites of rapid corrosive attack to 
the blade through disruption of protective blade coatings. In the compressor, 
rapid heating of titanium alloy blade tip during adverse rub Interactions con 
potentially lead to severe thermal damage. 

Having illustrated the overall significance of wear considerations In 
gas tuj’blne sealing, it is the Intent of this paper to summarize the state of 
seal material teclmoloj^y particularly from the weai* standpoint. Metho<ts of 
testing, cvu*rently used materials, and the cui’i*ent understanding of seal wear 
phenomena are reviewed. Areas needing iXirther development are suggested. 


MAINSHAFT SEALS 
General Description 

Two types of positive contact nalnshaft seals are shown in Fig. 3, and a 
rather thorough discussion of the operating principles of each may be found in 
(3). The sealing elements of the face seal design include a rotating seal 



rout, u;iuiiily with t lmi\t nottilllo oont not «iiu*riioo moutttcil to the fflinl't , huiI 
:i nonrotutini roui rltif’. uruiiiiy a -’urt'Ott ,ruphllc nuitcM'lui, whioh la 
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to t he aluift by aieanf. v>f a olivumfoivnt iai Kart or aprlUK, I'tvi'.iuiro loaviinp of 
tJ’.o v’l rvnm.foront lal coal olonx'iita ur.alnat the rotatlnp. ahaft la Itth'.'ivnt ly not 
a. rol lal lo aa for tlio v'aao of tho fav-o aoai »loalp.n, thorofoix’ v’lrv’iunfor- 

oni :al acala are poik'rally viaovl In Kvor .11 fforont ial ptvaauix' appl iv'at l.’H 
thaji altaft acala. v.’lrv’iu.;foront lal soala arc ahlo to av’oomo.lato -roator axial 
novo.vA'nt I'ctwoon tho aoal rurfav’o.’. thati faoo aeal h.’wover. 


Milt or lal II 


’.‘unvnt natorlalfl ii.ovt In the oontaotlnp, clomestta of ahaft aeaia ai'o 
ouraiuir I aovi la Tabiea 1 a.’ivi 11, takon fov^m (-l), for faoo oeala .ativl olivumfor- 
entlai aealvi rc;’}x*v:t iveiy. vVloi’tlon of a aixjv’lflo nuiterlal Ov'mhl nation ro- 
qulroa .letiillOvi oonaivtorat Ion of auoh tlilsv.s ar tho acal applloatlon aeverlty 
loxpix'sae.l aa a IV fuv'tor, vilsounpcvl later), the luprloablju: oapiiv’ity of the 
oealeU fiul.i, tlio pivaonoe of eroalve vioi /li., aitvl tem|x»ratiu‘o of the aeal on- 
vlro!inu?nt. Also, It ahoiiKi ho rooottni.v»vl that "oarhon-praphito" vlonotoo a 
v’laaa of materlala. l^lx'iivlluK v>n the oxav’t Ov'nat Itiienta v’l'Mpr laln^t tho oarhon 
(•raphlte material, ruul tho proeeaninp atepa foliv.’wovi In Ita rmimfa.’t uro , a 
wUio raiif'.c of mov.'hiuiloiiL propertlin-t iiuiy he v'htalnevl, aa llluatrato.t In 
labio III (h). liiuuiiiy In alroraft oiif^lne applleatlona tho aeat nuiterlal Is; a 
hur.toncil martenaitlo atiilnleaa siteel (4iV aorlec), or v’hromo plate sipplle.l to 
a ahaft material aiibatrato. Tltc Intent In thia ohoioo of aeat material la to 
tv.luoo eroalve wear to the rotating: eomponent aa fine ahrasilve partioloa on- 
trsilnet in the engine air ma,v he oarrle.l hot ween the aeal elementa. 

fhoup.h applloii only with a boat v'f qualifiers, a general Ktil’tollne la 
aaaeasinf aoverity of a seal applkaitlon jui.l suitability of a piu'tlculiu* nuito- 

ria^ sole ot Ion is the IV faotor. The IV factor Is .iefine.l aa the provlu.’t of 

aeal oontaot presciu-e In pal an.l sllainp, velov’ity in feet jx'r aovionl. !V rat- 

liifts for a number of Ovuitav’t seal nuiteriaia are shown in Flp. 4, tanen from (i’>) 

It is i'hvn^n In (7) lu^w the IV rating may he Interpretted as a thermal limita- 
tion of the seal material, or as a wear criterion. For either interpretation, 
application of a IV rat Inp, must Inclu.io v’arefui consideration of the seal 
geometry luid surroundlnps (ability of the seal to dissipate heat) .and the Like 
ly lubrication mv'vlo effective In the coal f.ap. 

Three mo.ies of lubrlcsvtiv'u that are encounten'd in contact seals are 
svuijiiarlsed In Fl^. b (b). Tbc lubrlcatiiit; fluid is of course the sealed fluid 
In fact , at any Irstmit, more thjui one mv'de may he ojvratinK at various loca- 
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tlona In a seal. I ron the standpoint oT reduolnt’ wear, it Is desiral'le to 
operate Ln * he i'uii 1*' iuLr leal ion mode, raotors il.at tend to otuLllLse the 
riin .TKXlc ai*c siu’veyod in (j) and inoiude wavlneso oT the seal elenetit 
surTaoes, ,‘ertaln tyf«;- ol’ o.nt'Mlar nisaiitinment , and the rorn'Jitlo.i of n liquid 
to vapor intert’ace in the seal pap. Purint seal start-up oi'crutiotu’, .uider 
0 jndltlo.ia of severe misalitnimetit and nui-out, oiid in situations in which lul - 
r leant (sealed fluid) supply is not available or lubricant tem|eratu»*es iu*e 
Ijlph, boundarj' lubrication or drj’ sliding modes maj- l<e encounterevl. It is 
evlitent that those factors controlling the lubrication mode effective in a 
posit Ive contact seal are themselves not aiwa>‘s very amenable to control. 


Wear of Positive Contact feol Materials 

First level sci*ocnitig tests for seal material wear are usually conducted 
on a fairly simple apparatus, such as the pln-on-disk rig shc»wn In Fig. t’. 
Here, conditions of sliding speed, contact load, siu'rounding temi'orat.ure and 
onvirojjtient .moj' be set to .simulate those of a selected seal application. 
Sliding speeds of 100 m/sec arc for gas tui’blne shaft seal applica- 

tions, with nominal cojitact pressure of several pounds ^^er square inch. I'em- 
jvratures nay e\cee.i 1000^^ i- in :evere applications. Usually sliding condi- 
tions are dry or in a boundary lubricating roode-/>bviouaiy it is not possible 
to simulate I'uii film formation mechanisms on such a rig. besides pln-on-disk 
confii-airatioiis, annular ring configurations or conformal pad ,'eon«trleo are 
sometimes used in wear testing of seal rmterlals. 

An example of the Infoimation that can be obtained from such testing is 
cu.rmarir.ed in Fig. 7 (10). Here the effects of variations in carbon graphite 
material formulations and incorporation of selected additives on sliding wear 
to the carbon graphite at tem^ieratures to 1"00^’ r are seen, it \taa coiiciuied 
that at temj'eratui’es to IfOO® F, two naterials j'erfoniHid satisfactorily : car- 

bon graphite with a carbonlred resin Lmpregnant (A-^’vl-O), and carbon ^rapliite 
with a .metal phosphate impi'egnant (B-Ovi-C); all of the other materials ujider- 
went accelerated wear combined with rapid oxidation at illOO^ F. The i"00° F 
temivratiu’e is in fact approached in some of tlie more severe aircraft engine 
contact seal applications. Typical applications are usually at F and 

lower though. 

Besides wear rates arid friction measurements, screening tests provide / 
some clues concerning the friction and weai’ mechanisms ojieratlng at seal mate- 
rial interfaces. The ability of carbon graphite to be self-lubricating in the 
event of di*y contact depends on the formation of a thin, oriented, easily 
ohearable layer of ('.raphite on the sliding surface (11). So long as this 
layer is maintained wear will be low. Certain conditions lend to the disrup- 
tion of the easily shearable graphite layer. Among them are the thermally in- 
duced desorption of adsorbed gases (Oo, H 2 O) on the surfaces and edges of crys- 
tallites comprising the shear lawyer (11), and disruption of the surface oxide 
present on the Jiietal counterface (ic). Disruption of the oriented graphitic 
film exposes the underlying randomly oriented carbon graphite material to 
sliding contact. The sequence of SEM photographs shown in Fig. 8 illustrates 
the condition of the carbon graphite sliding soi’face with the oriented film 
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dtui o:' 41' ri Ln -lldnipt l.-.i,. It Id luu’loRr us to wlml oo:.- 
to ro;*t 'i*Ht ion 'I' t lio .’rleiitcii ,'.i*u|'hito nUi;, potw- Itly fr >; . ra- 
pnrtloieo (i*), a:ul whul co..vi it i o:ib {'i*>iiuote over more severe 
a.*:4 iilj’hor rrlotion. 


An Ini’ortunt Tnotor in ti;e t^ved aiMlnj' oontaot ul’ ;Ofil sorl'uoe. is 

the luliorenl tijo»*noe iartio Inutul'ility ol' the oontuotiM|-. ».o or.«» t ry . I ho t iioo- 
rotioal Inu-is for this phenonenon Is well .tevelotxjd in lirlefl;, , M is 

shown that any initial nonuniforaity in I’riotioniil oonlaot nuiy U'oa*:*? Inoreas- 
L;i(',iy o\a 'iterated as iooui tlioJTiul expiuision effects loud to ever more ootu'en- 
trateo contact effects. Uiti.*:aiteLy the entire contact load is supj'orted hy a 
few tiitM*:riiiliy Inaucod asi'orltles, with wear effects thus concenti'nted at a few 
local spots at any i.-istant . iXiil ucvolcpment of this tJieory may provide s,tr.e 
,:ui»:eLines for seioctinf'. more wear resistant seal material coml Inatlons. 


I’estlnr. of full seal desi^ais or assemblies is usually conducted on a test 
rif' that closely simulates* tb.c l.ilended application in terms of I’eariiut co:*.- 
psrtment desicn, sealed lubricant, and lubrication system features, it is in- 
tended tluit I'ne seal sliould oi’orute much as it would in its final installat loi’ . 
Ur.der noiT;al o}vratlJii; conditions, wlien Aill or partial film lubrication l.s 
present, wear to the contacting seal components is ncplipibie. However, luuier 
severe oj'eratinp conditions as mip.ht occiu* when tiie lubrlcjuit supply is cut- 
off for .ame reason, or when t iie seal is expose,*, to a hipli c,'nccntratio!i of 
abrasive material, or excessive runout and vibration Is enc^nintere.’. , the seal- 
ing elements can suf'.'er severe distress, besides wear to tlie carbon -traplilto 
seal elements similar to wear effects ,;escribeu previously, the hare. iiietuLlic 
seat, often slu'ws evidence of severe ilistress. it Is often observed that se- 
vere rubbinp conditions, promote tliei*mocracklnp or "lieat checking" of iiai*d 
steel s-eat components, as sdiown in Kip. l> for a 4-lOs' seal seat. In (ll), u 
r\' tyix; criterion is devclojvd, bused on Uiens.al sliock resistance of seal 
materials in wliicli it Is envisioned that rub Induced heatinp loads to tliernul 
stresses exceedlnp tiie strenp.th of the seal matc’iaL. Tlie sittnlf icunce of 
frictional lieating on Uio properties and sur". •tiu*e of tiie 440f material sliown 
In rip. b may be appreciated in tlie section micropraphs of Fip. 10. Tlie thin, 
lipht shaded layer ad.'acent to tlie rub sui*fuce is believed to be a fully mur- 
tennit ic layer, peneruted by rapid loc.oi theniiuL cycling; luider rub conditions. 
Tem{X 2 i*at’.u*es in this Iu,vei* must have readied 1400 to ibOO*^ F, followed by 
coolinp to about lOO® F wltlilii a few seconds. The depth of tills layer rou/ hiy 
corresponds to tlie depth of tlie cracks sluiwn in Fig. 0. At preater depths 
berieatli the rub surface, a soft darker sliaded repion is encoiuitered in wliicli 
lower tli.'ui bulk hardness are measm*ed. Here, frictional lieatlng promoted 
furtlier tcm}>erinp of tlie liardened 440C structm*e. 

besides wear considerations for the primary sealing elements, there ai*c 
weal* problems associated witli tlie secondary soailnp paths of botli circumfer- 
etitiol and face seal designs, i’ue to sliaft runout effects, low amplitude os- 
cillatory motion can promote fret.tlng duruipe to the lap ,lolnt Interfaces of 
the clrcumforentiai seal and the piston ring carrier Interface of some face 
seal viesigns. Tlie sipnlf Icance tliat fretting wear can have on leukape tlirougli 
secoiiilary seal component is stmuriarized In (It'O- ihic to fretting domaj’e to the 



piatori In nn exjvrL'nental t'a>-e sfal JesltUi, tlilrty to forty jvroent of 

tlic total renl Icrnta ’c ( tur.oujit In,; to several thouiJanU was iont throu,'h 

tise oeoonUary seal. 

Po."** re 'cnt a tvancoi* In seal acel^tn show promise for reducing come ol the 
wear I rol'lcr-s dlscuosed here. With careful balancing of pressure force:-, on 
the r.oal prl.mary ring, the contact pivssure jtuvj' t'e controlled to a low value 
Just cufflCiOnt to maintain neailnp, thereby effectively reducing the F\ fac- 
tcr. Hj’drovli'no.’iilc lift mn.v be provided to the prl.mry seal eler.ci.ts by In- 
corporating lil*t pad:- in Uic seal design (FI,'. 11), enabling the .’eai to ruii 
on a thin, stable gac. or lliiuld film utider steady state conditions. Fven with 
this self-acting Lift feature of course, sliding contact is Incurred on star! - 
up and shut-down us well as under con.iltlons of unstable operating geometry. 
Also, the effects of abrasive particles carried across tic prlm.ary seal inter- 
face are etlll cignlflcarit , as Is fretting wear to the secondary sealing ele- 
ments. 

\ 

In sunr.yvry, for positive contact malnshaft seals, tlcre is a significant 
.need for Improved wear, erosion, and oxidation resistant self lubricating 
materials fer te.mperat’ures to lfOO° F. iVlso, hard .materials or coatings ex- 
hltitln.; good ther.mal :?tabllity with resjcct to properties u.nd structure aie 
needed In seal seat applications. Hie development of several plasma sprayed 
alloy ojjd cermet .materlnis for mechanical fa-'C seal applications la i-ep'ortcd 
In (17). High temperature fretting and abrasion reslsta.nt materials are re- 
puire.i for secondary seal locations. 


g,A:] PATH SEALS 
general Sui’V'cy 

Exajuplos of naiteriuls used in both secondary gas path seal locations and 
In outer gas p^ath seal locations are sum.marlrcd in Fig. 12. The primary con- 
sideration In .'ieleclion of the seal ::cterlals for various locations is the 
local operating tempx*ratui*e. The desirable wear characteristic of each of the 
.materials indicated in Fig. 12, In their respective locations, I« that the 
seal material should wear rather than the rotating labyrinth so i luilfe edge 
or blade tip. In general there are tliree approaclics, presented schematicalli' 
in Fig. 13, that m.a.v be followed to provide a gas pxitlj .seal rmterial with this 
desirable wear characteristic often (s.vjiewhat misleadingly) called abradabil- 
ity. 


The first approach, indicated in Fig. 13(a), is to employ a highly porous 
low density .mterial. iiuch materials are usually prep'ared by sintering metal 
P’owders or fiber p'ai'ticles, often in mixture with transient filler materials. 
It is also piossible to pla:-ma spra,v such a structiu’e by spraying metal p-'arti- 
cles mixed with easily volltlllzable polymeric piarticlcs, or with graphite. 
Abradability is afforded by the easy removal of discrete particles from the 
bulk seal material; fractm*e raaj' readily occur across the small interpiarticle 
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tonl area when a rut j.vur.\ Limitations iiUiercnt In this tyre ol' rjiterlal 
i '.oluie r*u;;^-eptIl lUty to erosion Jama»’e, and InciTlcient seaiint: ije to Jear.- 
n,-e tliroUf-h open porosity. 

A second class ol' (.’las-path seal materials depicted In Flf. 13(1), In- 
cludes more dense structures (less thoxi 30 percent porosity) » hich are often 
plac.ma-spray’ed a;;d, in some cases, sintered, hot pressed, or even cast. RuL 
Interact lone for this class of seal materials are accommodated ii. a .more com- 
plex tdinner than were those or the first tyre of seal .material. Usually a 
comt l.natlon of plastic defciinatlon, material compliance (de.isiflcatlon) , and 
nachlnliit* .mechanisms Is Involved. A,:ain, variations of this t,vpe of material 
are used in gas-patii seal locations throut^iout the e:j*tlne - elastcmeric mate- 
rials heinfr employed In low pressure compi*escor positions, low te.mperature 
.metals In hi<:her compre.nsor stares, and ‘'1,/h temperature materials in the tur- 
bine . 


The third class of .-as -path seal materials derives Its rub toleratice from 
the geometric arranpement of thin metal slieets from which tlie seal Is x’ai ri- 
cated. Probably the most widely used example of this type Is metallic honey- 
comb. The honeycomb cell walls ai*e oriented in the radial direction. Jen- 
se.iuently, very little .metal to metal contact surface area is Involved ^hen a 
rub Interaction occurs. Honeycomb structures ad*e .-enerally ap'plled to low 
pressure turbl.ne seal positions. 


Methods of Evaluation 

'■Jear characteristics of cas path seal materials are evaluated on test 
rit^s, like the one shown in Fig. 14, that Incorporate tries and rub pa- 

rameters similar to those encoujitered in the entjine. Rub sj^eeds of up to 
320 m/sec (1000 ft/sec), and radial incursion rates of from :'.b4 to 254 micro- 
meters per second (0.1 to 10 mils/sec) are typical of the of controlled 

poi'aneters investigated. Most rigs have provisions for testing both labyrinth 
seal knife edge and multiple blade tip rotors. Bulk te.mperatui'e of tlw seal 
material is usually controlled, tieal sample dimensions are usually such that 
the rub arc length is about 30° or less. Measured parameters tncluvle radial 
and frictional forces, seal material and rotating material wear volumes, py- 
rometer measuremenvs of rotor temperatures, and thermocouple measure.ments of 
seal .material temperatures. Also, debris fram the rut zone is often collected 
for analysis, a;id seal and rotor samples are generally subjected to .matailo- 
graphic study. V/ear performance or abradability is usually sunmarlze.i as a 
volume wear ratio nuniber, the wear volume measured on the rotor divided t>y 
the wear volume of seal material. 

It is very difficult to assess the extent to which various seal rub test 
rigs simulate engine seal rubs. Comparisons can only be made on the basis of 
the appearance of rubbed seal and blade tip (or knife-edge) sui’faccs upon en- 
gine overhaul or rework inspections. Part of the difficulty lies in the great 
amount of uncertainty as to the exact conditions under which engine rubs oc- 
curred. Also, the effects of rub Interactions on seal aiid rotating component 
surfaces are usually masked by erosion and oxidative effects that can alter 
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t !ic api'earance of tfiff ruLbeJ Burfa a "evert he less, •jeal rut teats fron what 

aie |.rjiaL'i.y ( froa tiic rtanJpoit.t of eal studies) the most controlled en^:ine 
teots reported do show ^neral material ranging trends similar to those ob- 
talneo from rig tests (18). 

Ihe .most open questions concerning the similarity between rig tests and 
engine rub conditions probably relate to the blade tip test geonjetry. ihe 
slg.nif.cance of Jiominai blade pass frequency, theoretical chip or cut depths 
per blade (incursion ra*^o divided by blade pass frequency) and seal rub arc 
.ength ai'e not well understood. 


Wear Ptienomena 

Low density materials . - For low density gas path seal neater lals, the In- 
tent Is that rub interaction be accora.iodated by removal of discrete particle", 
thereby minimizing frictional heating effects and wear to the rotating compo- 
nent. Under sonie rub conditions however. It is observed that the surface of 
the low density seal material becomes smeared, and In effect the rotating com- 
ponent is In contact with fully dense seal material. Such a sneared rub sur- 
face Ir depicted in Fig. 15. As indicated in Fig. 16, the rate of frictional 
heat gereratlon at the rub interface Increases by two orders of magnitude when 
smearing occurs (1?). Kicrosections of a T1-6A1-4V rotatlr.g component after 
such a high energy rub (Fig. 17) chew evidence of very rapid oxidation In some 
oases as indicated by quasl-spherlcal cavities in the rub surface and intense 
white sparking during the nab. Also, in other studies it wae observed tloat 
high energy rubs promoted fine martensitic platelet formation near the rub 
surface (20). 

.’.'aturally , since the occurrence of sjtearing has such a marked effect on 
the rub behavior of low de.nslty gas path seal materials, conditions that pro- 
.mote smearing ore of Interest. For a series of labyrinth seal knife edge 
tests reported in (21), a general observation was that low Incursion rate 
conditions were more likely to promote s.mearing thaui high incursion rate con- 
ditions. A model, based on thermal dlffuslvlty effects and summarized in 
Fig. 18, was proposed to account for this trend. Additional effects, namely 
particulate escape statistics under various rub conditions and geometries, 
were studied in (la). A thorough study of the first order effects of the con- 
trollable rub parameters (speed, incursion rate, geometry) on rub enerf^y and 
blade tip wear is reported in (20), with the effect of incursion rate and oc- 
curi'ence of rub surface smearing again being very’ significant. However, the 
tendency toward smearing was observed to be greatest under high incursion rate 
conditions. These apparent disagreements between the results of (20) and (21) 
are probably attributable to very different test geometries - a rotating knife 
edge was used in one case (21) and a stationary blade tip, rotating seal mate- 
rial geometry was used in the other case (20). 

To surameu'ize the understanding of rub characteristics of low density gas 
path seal materials, adverse rub surface conditions and some sets of rub pa- 
rameters that favor those conditions have been identified. It should be 
pointed out that most of the studies have been performed on one family of 



Ifitered iMier Ijw ier.rity Mcal n.aterlalL'. The .let'ree to whlol. rer.uit,*; ot- 
al;.ei o:. tnose :..ater:uls wjula apply to other iov loxialty seal jiAterlaiti 1:; 
;;;certaln. Also uncertain is the exact nechaniszn or comtixmtion of necliani^ns 
rerpotioible for the onset of enearlni', with consequent rapid frictional heat- 
::.t* and wear to the rotatlnt* component. 

lense plastically leformahle .Tiaterials . - The rub behavior of this second 
of .-as path :eal materials is more stable thaux that of the porous mate* 
rials since the structure of tlie material is not so prone to drastic chan|-e 
unaer rub conditions. The couparatlve performance of a series of dense real 
raterials prepared by plasma spray desposition Is summarised in Table IV. In 
all cases rubbing vas arainst Ti*fAl-4V simulated blade tips. The materiale 
were selected on the basis of their being potentially machlneable by the tita- 
nluB. alloy blades, haronesc versus temperature being a rough first order 
S'-'ree.’-lng guide. No single material property except {.<erhaps the Impact 
strength correlates with the rub perfornar.ee rankijig summarized In Tat)e IV. 
However, motivated by considerations of adiabatic heating of the seal inaterleil 
by rub Lnduced deformation until the hot working temixsrature • uige is reached, 
a nondlmenslonal correlating number is proposed: 

N ■ (Tensile Strength) > (Elongation) v pCp x Tj^^. 

In ticneral, the lower this number, the more "abraapble" shotild te Uje seal 
.material. For most cases In Table IV, materials with low va_Lue.s of N do in 
fact produce low blade tip wear. 

In studying the rub mechanisms associated with fully dense mterlals (19), 
it was proposed that the radial or normal load was controlled by plastic ^n- 
dentatio.'’. considerations. Ths frictional e.nergy reslLting from the rub was 
'hen simply the product of this normal load, the coefficient of friction, and 
the rub velocity. Order of magnitude agreement with knife edge rTib data was 
obtained with this very simple model, and ralcrosections of rub grooves 
(Fig. 19) are consistent with the plastic Indentation model for normal load. 
Under blade tip rub conditions however, in contrast to Knife-edge conditions, 
the Indentation (rub groove) is at least ten times as wide as it is deep, and 
the rub can.not be entirely accommodated by plastic displacement of material. 
Cone mechanism of micramachining chip or wear particle formation Is required. 
Examples of such particles are to be seen in the rub debris shown in Fig. 20. 

In summary, the rub behavior of fully uense materials under conditions 
like those encountered in gas path seals has not been studied so extensively 
as that of the low density materials. Preliminary results seem to indicate 
that the mechansisms operating are quite different under labyrinth seal knife 
edge and blade tip geometries. In the former case, a continuous plastic in- 
dentation model see.ms to be descriptive; in the latter case, wear particle and 
machining chip formation under high speed conditions appear to predomi.nate. 

The process of very high speed wear particle and .machining chip formation is 
certainly a subject that should be further studied. 

Honeycomb seal materials . - The third class of gas path seal materials is 
fabricated from sheets of selected alloy, brazed together to form an open face 
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fltractur* like t.h*t oh'iwn In Fit-’. Theae nAtei lai atructure* offer the 

a>lvantat;e of better oxidation i*esista:;ce tli&n tlte low donaity rjtteriala ila- 
cuaeeJ earlier, becauae of reduced exposed surface area, and are more acrai- 
abie (for a given conpoaltlon) that^ the fully dense structures. A distinct 
disadvantage of tlie honeyconb la the leakage loss suffered throxigh the open 
face structure (lI2). 

/^ear to the rotating component does not appear to be a miOor protie.v. with 
honeycomb seals, and their rub performance does not appear to be affected Ly 
variations in rub parameters (23). Tho ma.1or factor inducing rotor weaj* is 
the presence of brace nodes between the sheets comprising the ho:ieycomb, as 
shown in Fig. 22, where the honeyconb wall is 2 to 3 times thicker than the 
nominal sheet thickness. In the case of the test shown in Fig. 22, an inter- 
esting feature was obsenred on the rub surface of ttie rotating labyrinth seal 
knife edge. Evidence of extrer«ly localized "hot spots" maj' be seen, consis- 
tent with the wear pattern measured on the knife edge. These "hot spots" are 
believed to be .manifestations of thermoelastic surface l.nstabillties, dis- 
cussed earlier. 

Not ver^' much, perhaps ‘.:i .ufficient, empliasis has been placed on rub 
studies of hoi'icycomb materials, "'hie is partly because, where leakage over 
blade tips and labyrinth seal knife edges is importeuit ox critical, honeycomb 
seals have been largely replaced with other seal systems. Whex*e they reneiin, 
primarily o\'er low pressure turbl.ne stages and low pressure ratio seal posi- 
tions, minimum clearance is not so critical a factor. 


CONaUDIHG REI'IARKS 

Materials for positive contact mainshaft seals are well established, the 
mopt widely used material combi.nations being carbon graphite in combination 
with hardened steel or chrome plate. Thus far, most advance in reducing seal 
.material wear have been realized through cesign practices such as accurate 
pressure balancing and the incorporation of self-acting hydrodynamic lift fea- 
tures. Further improvement in the life of positive contact seals vill require 
iTAterlals with improved wear, erosion, and corrosion resistance, and Improved 
thermal stability with respect to stnicture, dimensions, and properties. 

A clear need exists for improved u.nderstanding of gas path seal wear 
phenome.na, and for Improved gas path seal materials ♦’hroughout the engine. 

Gas path seal materials mu.'t bo abradable and at the same time 8ui*vlve a 
rather severe environment fra.i the standpoints of erosion, corrosion and ther- 
mal shock. The significance of basic first order rub parameters and seal 
material properties needs to be established. Current development emphasis is 
being put on plasma-spray deposition techniques to provide either low density 
abradable structures, or easily machineable alloys. 
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Table 1, Face Ceal Materials 


Fnvirotc.eat 

las (Air, CX>j, Ho, He, 

N”, O::) 


O.M 


Seal nose material 


Carbon ,yaphlte 


Glass-filled rTFE 
Carbon -filled 
PTFE (not for 
Ho service) 
(Sodium and fluo- 
rine compounds 
and radioactivity 
may adversely 
affect FIFE) 

Carbon ijraphlte 


Cast iron 
Graphite molyb- 
denum 


Seal seat material 

Tool steels 
Clirome plate 
Tungsten carbide, 
plate and solids 
Chrome carbide plate 
Ceramics 

300-stalnless steel 
400 -stainless steel 
440-C 
4140, 4340 
Tool steels 
(hardened) 
fT.rome oxide 


Bronze (for few ap- 
plications 
Ni -resist 
Cast iron 
Ceramic 

Stellite (hard facing 
on 316-8tainles8 
steel, especially for 
high pressures and 
high velocity) 
Tungsten carbide 
Malcornlzed 316- 
stalnless 

Carbon-filled FTFi: 
Glass-filled PTFT5 
Sintered iron or 
bronze 

Nitralloy, hardened 
Tool steel, hardened 
SAE-1040 steel 
Stainless steel (400 
series hoi’dened to 
Rockwell C-50. 

This is general rec- 
ommendation as 
316-stainles8 is not 
hardenable) 

Bronze 

Bronze 









! 

1 

t 14 

i 

t 

f 

t 

i 


Tfibie C. Ciroumrerentlttl bcal Materlola 


KnvironmoMt 

ijeuJ rint'; material 

muu't material 

v'aiJ (Air, C0>^, H», he, 

No, Oo) 

Coi’bon t;raphlto 

Clu’omo plate 



vlirome oxide 


/.iaBO-miod mt’ 

Cerasiic plate 
Tunt?aten csirblde 
plate 

vlUMine ourbiile plate 
Hasteloys CfcF 
Nl-O-Nel 

Tool H toe Is (limited in 
water servleo) 

400 Htnlnless steel 
.VX) Otalnlcss steel 
Chronic oxide 


Carbon- rilled 

4140; 4.'^40 (not I’or 


mi: (not I’or 

water service) 


Ho cervloe) 
(t>o3liim and 1‘luo- 

440 -C (bb-CO Ro) 


riiie compound M 
uJKl rndloaotlvlty 
imv,v adversely 
alTeot mi:) 
Killed I’olylml te 

1 

400 Otainiess steels 


resin 

(4fl-bv4 Ko) 



Clirome plate 
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riiliie •!. CompHriPon ol' iVirromtinot* and rroi'crtlen of Fully renae 
riuaimi-ypraycd F'Cal Materiala 



A1 

Cu 

Ou-10 

Cu-l 

Ou-iO 

Ni-13 




u/o .,n 

a/o A1 

a/o A1 

a/o Or 

Hardness MN/m- 

lut; 

b3‘d 

400 

043 

000 

lb. . 

(annealed) 



30 

Ob 


70 

Tensile 

13 

32 

I'b 

strength 
(10*'' psl) 
(annealed) 





20 


Elongation 

4b 

bb 

iO 

bb 

20 

(•/!> I’or U in. 
length) 




0.17 

7.b0 


lensity (( 7 n/ee) 

•j . /o 

e.bt; 

0.80 

0.02 

F^’ociTle height 

0.21b 

0.002 

0.000 

0.000 

0.104 

0. 104 

(cnl/(’jii ‘^C) 
Impact strength 

iO-ib 

.^-40 

30 


10 -lb 


(Izod) (rt-lb) 
Hot working 

HL'O 

it;oo 

1000 

1000 

100b 

2200 

range (‘^F) 
Ptacking Fault 

200 

40-70 

30 

4 



cnei>^ 







(ergs/cm*^) 
Meas. blade'^* 

0.001 

0.020 

0.020 

0.022 

0.014 

0.013 

Tip wear (in.) 

fjb 

.001 

0.37\10t' 

.030 

2.0\10l' 

.022 

2.0\10i’ 

.047 

2.0\10^'’ 

0.20 

1.0\1O‘’ 

.01b 

2.2\10^’ 


'^Top number rel'crs to room tomjvrature teat; lower number to 'dOO^ F teat. 

^'N = (Tensile Ctreiit^tb.) \ (Bllon^vition) \ pCp \ T|j^^ where » hot working 

tempo rntui'c. 
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COMPRESSOR LABYRINTH END SEAL 
PROVIDES BEARING THRUST BALANCE ON 
REAR COMPRESSOR HUB 
REOuaS PRESSURE OlTTSIOt BEARING 
COMPART M NT 

\ 

\ 

\ 
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TURBIIt FRONT LABYRINTH SEAL 

CONTAINS HIGH PRESSURE COOLING AIR 
FOR TL'RBIFB iMSK AND BLADES 
PROVIDES BEARING THRUST BAlANa 
CONTROL ON FIRST TURBINE DISK 


TURBirC INTERSTAGE lABYRINTH 
SEAL 

PREVENTS GAS RECIRCULATION 
AROUND STATOR 
LIMITS HOT GAS INGESTION 
INTO TURBINE DISK RIM AREA 


BEARING COMPARTNINT CARBON SEAL 
PRET^NTS PRIMARY CAS FLOM INTO 
BEARING COMPARTMNT 


TURBifB DISK RIM SEAL 

LIMITS HOI CAS INGESTION INTO 
DISK RIM AREA 


FAN AND COMPRESSOR BLADE TIP RU6STRIPS 
CLOSE CLEARANCE MAINTAINS COMPRESSOR 
EFFICtNCY 

DISTORTION TOLERANCE IMPROTCD BY WALL 
TREATACNT 


REDUaS PRESSURE OUTSIDE 
BEARING COlWPARTAC NT 
, REDUaS CARBON seal PRES- 
/ SURE AND TEMPERATURE 

/ EXPOSURE 

I 

COMPRESSOR INTERSTAGE LABYRINTH SEAL 
LIMITS CAS RECIRCULATION AROUND 
STATOR 


Flqurt 1. - Modtrn trinspoft engmt (from rel. 2 ), 
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Figure 2. ■ Ellects of rub inleractions on gas path seal clearances. 
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Fiqur* A - Pressure limes vekicity as fuiKtion ol heat-qeneration parameter foi some bearinq materials 
ifrom ref. 61. 
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Figure S. • HydroLLynemic, Ihi. -film, and boundary lubriulion modes. 
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Figure 6. - Friclion and wear lesi apparalus. 
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fig. 9. - Thernal cracking observed on roniKt surface ol MUC lace 
seal seat. 






rig. 10. ■ MrUlloqrtphic tfction o( 44)C tNl thawing v«ri«tion 
In hirdnftt with depth belnw contact turtace. 
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TV PICA l SIM NTATIS: 

1 SIllCONt RUBBER^ Al HONEYCOMB: EPOXY 

2 SPRAYED All SPRAYED NICKEL GRAPHITE; SILICONE RUBBERi MBERMETAl 

3 HASTILLOY-X TIBERMETAL; SPRAYED NICKEL GRAPHITE; SPRAYED NICHROME WITH ADDITIVES 

4 LABYRINTH SEALS: Ag BRA2E, FIBERMETAi, HONEYCOMB 

f CAST superalloy (COOLEDIi SINHRED high temp METALS: CERAMICS lEXPERIMENTALl 
6 SUPERALLOY HONEYCOMB 


Flqor# 12. - Summ«r> ol »nqin« ap«r jlinq »nvironm«nt4 «n<l t>picjl "ibrjdjble" J»*i 
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Figure 13. ■ Illustration ol t/p«s ol abredaOle seal materials 
lor outer air sealing. 
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Id SECTION PARAUn TO SlIOING DIREC- 
TION. THROUGH SMEARED RUB SURE ACE. 

flq. IS. - SEM ov»rvl»iA jod m»l«lloqrAphlc »»ction ol rub jurlACf an »lnlfrM Hj»l»llov-x lib»r- 
md*' «Ml n«trrl«l Aftfr rub Intrr action miIIi TI-6AI-4V tlmulalM btadi> tips. 
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